Although X-ray crystallography is the most commonly used technique for studying the molecular structure of proteins, it is not generally able to monitor the dynamic changes or global domain motions that often underlie allostery. These motions often prevent crystal growth or reduce crystal order. We have recently discovered a crystal form of human hemoglobin that contains three protein molecules allowed to express a full range of quaternary structures, whereas maintaining strong X-ray diffraction. Here we use this crystal form to investigate the effects of two allosteric effectors, phosphate and bezafibrate, by tracking the structures and functions of the three hemoglobin molecules following the addition of each effector. The X-ray analysis shows that the addition of either phosphate or bezafibrate not only induces conformational changes in a direction from a relaxed-state to a tense-state, but also within relaxed-state populations. The microspectrophotometric O 2 equilibrium measurements on the crystals demonstrate that the binding of each effector energetically stabilizes the lowest affinity conformer more strongly than the intermediate affinity one, thereby reducing the O 2 affinity of tense-state populations, and that the addition of bezafibrate causes an ϳ5-fold decrease in the O 2 affinity of relaxed-state populations. These results show that the allosteric pathway of hemoglobin involves shifts of populations rather than a unidirectional conversion of one quaternary structure to another, and that minor conformers of hemoglobin may have a disproportionate effect on the overall O 2 affinity.
protein in red blood cells (Fig. 1a) . The textbook description is that of a large quaternary structural change, involving the relative movement of two ␣␤ dimers (␣1␤1 and ␣2␤2) by about 14°o f rotation, occurs upon ligand binding and is a response for the allosteric regulation of Hb (1) (2) (3) .
However, it has become increasingly apparent that Hb exists in an ensemble of multiple quaternary conformations. This complexity was first realized when the crystal structure of a second relaxed-state, R2, was solved nearly 25 years ago (4) . An important fact is that in the T to R2 transition the two ␣␤ dimers rotate relative to each other by about 10°beyond R, implying that R2 has a substantially different quaternary conformation from R (Fig. 1a ). Subsequent crystallographic studies have revealed that a number of quaternary structures lying between R and R2 can be obtained under different crystallization conditions (5) (6) (7) . NMR studies also show that the averaged structure of CO-liganded Hb in solution is a dynamic intermediate between the R and R2 crystal structures (8) . In addition to the relaxed-state structures, several pieces of evidence obtained from functional and structural studies suggest the existence of multiple forms of the tense-state of human Hb (9 -12) . These findings are in agreement with the view that Hb is in motion, fluctuating among many conformations that include the crystallographically observed structures, T, R, and R2.
Although X-ray crystallography has provided atomic details of the structures of particular conformers of Hb, it does not give direct information about molecular motions between them, limiting the understanding of the pathway of the conformational transition. Also, no static structure can reveal an allosteric mechanism in which conformational ensembles shift in response to external influences.
Recently, we discovered a novel C2 crystal form of Hb, which not only contains three independent Hb tetramers with different structures, but also allows those molecules to adopt a variety of conformations, depending on the conditions (13) . We have shown that ␣1␤2 CO-liganded, cross-linked Fe(II)-Ni(II) hybrid Hb (i.e. XL[␣(Fe-CO)␤(Ni)][␣(Ni)␤(Fe-CO)]) with and without 10 mM P i (referred to as HL ϩ and HL Ϫ , respectively) and uncross-linked fully water-liganded met-Hb with 10 mM P i all crystallize in this C2 form. The nine tetramer models in the three crystal structures cover the complete conformational space of Hb, spanning from T to R2 via R, with various inter-This work was supported by Japan Society for the Promotion of Science (JSPS) KAKENHI Grants JP15H01646 (to N. S.) and JP16K07326 (to N. S.). The authors declare that they have no conflicts of interest with the contents of this article. The atomic coordinates and structure factors (codes 5X2R, 4X2U, 5X2T, and 5X2S) have been deposited in the Protein Data Bank (http://wwpdb.org/). 1 To whom correspondence should be addressed. Tel.: 81-285-58-7308; Fax: 81-285-40-6294; E-mail: shibayam@jichi.ac.jp. 2 cro ARTICLE mediate forms (13) . Thus, the usage of this crystal form would give the unique opportunity to perform a crystallographic tracking of how Hb molecules in crystals undergoing structural and functional changes in response to environmental changes.
In this study, we chose HL Ϫ (see Fig. 1b ) as the starting sample for the following reasons. First, in the HL Ϫ crystal the three tetramers, termed molecules A, B, and C, assume R2, RR2 (an intermediate between R and R2), and TR (an intermediate between T and R), respectively (13) , that are expected to move toward a more tense conformation upon adding an allosteric effector (see Fig. 1 , b and c). Second, in solution a half-liganded species may be in an equilibrium among energetically comparable, but structurally distinct conformers (14) , so that an effector can modulate the composition of conformational ensembles. In addition, the cross-linked Fe(II)-Ni(II) hybrid Hb is a good and stable model for partially liganded Fe(II)-Hb, because Ni(II)-heme is an ideal surrogate for deoxy Fe(II)-heme (15, 16) , and the ␤-␤ fumaryl cross-link does not alter the structure and function of human Hb (17, 18) . Using this model system, we visualize how the conformational ensembles of tetrameric Hb respond to the addition of allosteric effectors.
Results and discussion
We investigated the effects of two allosteric effectors, P i and bezafibrate (BZF, see Fig. 2a ), on the conformational ensembles of XL[␣(Fe-CO)␤(Ni)][␣(Ni)␤(Fe-CO)]. In this study, we did not investigate the effects of 2,3-bisphosphoglycerate or inosi-tol hexaphosphate (IHP), because the binding site for these effectors is blocked by the fumaryl cross-link (17, 18) . Before X-ray analysis, we need to know the kinetics of structural changes that occur in the crystals. Previous studies showed that upon the quaternary conformational change of the Fe(II)-Ni(II) hybrid, quite large spectrophotometric changes in the Ni(II) subunits can be detected in relationship to the change in the strength of the proximal Ni-His bond (15, 16) ; namely the light absorption peak at 558 nm (corresponding to four-coordinated Ni(II)-heme) is increased under the conditions that stabilize the T-state ( Fig. 3, a and b ). Taking this advantage, the kinetics can be determined by measuring the absorbance changes of the crystals following the addition of P i or BZF. As shown in Fig. 3 , c and d, the time courses of the absorbance changes are dependent on the crystal thickness, indicating that the kinetics are limited by diffusion of solutes, at least in the case of the thick crystals. However, our diffusion simulation shows that this is not the case for the thin crystals in which the diffusion kinetics are much faster than the observed absorption change, suggesting that the kinetics are limited by conformational transition rates. It is likely that BZF binding requires a larger (slower) 
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conformational change to fit into its binding cavity than P i , which binds more toward the surface. Based on these data, the conformational ensembles under four sets of perturbed conditions examined in Fig. 3 , a and b, were determined by X-ray crystallography after soaking intermediate-size HL Ϫ crystals (between those studied in Fig. 3 , c and d) in each buffer for a sufficient time period. These crystals diffracted to better than a previously achieved 2.8-Å resolution for the original HL Ϫ crystal (13) . The crystallographic parameters are summarized in Table 1 . Electron density maps around the ␣1␤2 interfaces of all 12 conformers (3 tetramers ϫ 4 conditions) illustrate the quality of the data collected ( Fig. 4 ). Among them, we observed the weak electron density for BZF located at the central cavities of molecules C in 4BZF65 and 4BZF72 (Fig. 2b ). In other tetramer models, there is little or no electron density for bound BZF or P i . We note that, although the weak electron density and high temperature factors of the BZF molecule in our structural models (see Fig. 2b ) do not permit us to define its occupancy precisely, the kinetics data in Fig. 3d ensure that the binding equilibrium is attained in the crystal. Perutz et al. (19) also noted in their X-ray study on the deoxy Hb-BZF complex that extension of the resolution beyond 2.5 Å did not improve the electron density map of BZF, because the high temperature factors of the BZF molecule were presumably associated with bond rotation. They found that the isobutyl group of BZF appears in the electron density map as a single unresolved sphere as we observed (see Fig. 2b ), suggesting free rotation about the O-C bond.
Examples of quaternary conformational changes associated with effector binding are presented in Fig. 2c , including the structures of molecules A, B, and C before and after adding 4 mM BZF at pH 6.5. We should note that the resolutions of the current crystal structures (2.4 -2.7-Å resolution) are high enough to discuss the quaternary states of the conformers (Fig.  4 ), but not high enough to allow for model construction of the CO molecules on the basis of the electron density maps. Moreover, as noted in our previous study (13) , crystal lattices appear not to discriminate between two inequivalent dimers within the asymmetric tetramer (i.e. ␣1(Fe-CO)␤1(Ni) and ␣2(Ni)␤2(Fe-CO)). For these reasons, we do not model the CO molecules in the present structural models. The heme environmental structures cannot be discussed in detail either.
Conformational population shifts in response to adding P i or BZF are quantified by difference distance matrix plots that depict the changes in pairwise distances between all C␣ atoms, with respect to the initial structures (without anions) as a function of solution conditions ( Fig. 5a ). Significantly, during the solution changes, most conformers have experienced structural rearrangements at the quaternary level, as evidenced by the colors in the inter-dimer regions in Fig. 5a . The quaternary states of the 12 conformers can also be characterized based on the relative orientation of the two ␣␤ dimers (Fig. 1a ), which is quantified by dimer-dimer rotation angle and rotation translation from T (Fig. 5, b and c) .
To relate the obtained crystal structures to their O 2 affinities, we carried out O 2 equilibrium measurements on the single crystals under the same conditions as used for X-ray studies except for the absence of glycerol. The crystals were first converted to the oxy form and then equilibrated with different O 2 pressures. The optical absorption spectra of the crystals were measured by microspectrophotometry with light incident on the (010) crystal face. The fractional saturation of the ferrous hemes with O 2 (Y) was calculated by a least squares fit of the spectra to a linear combination of the reference spectra of the oxy-, deoxy-, and met-forms of the same crystal ( Fig. 6 ).
The Hill plots of the O 2 equilibrium curves of the 10Pi69 (the final structural model of our C2 crystal after adding 10 mM P i -K buffer, pH 6.9), 80Pi67 (the final structural model of our C2 crystal after adding 80 mM P i -K buffer, pH 6.7), 4BZF72 (the final structural model of our C2 crystal after adding 4 mM BZF and 20 mM HEPES buffer, pH 7.2), and 4BZF65 (the final structural model of our C2 crystal after adding 4 mM BZF and 20 mM MES buffer, pH 6.5) crystals are shown in Fig. 7a , which for comparison includes the O 2 equilibrium curve of the initial HL Ϫ crystal without effector (13) . As demonstrated in Fig. 7b , all the deoxygenation data obtained by the decreasing O 2 pressure (open circles) agree well with the oxygenation data obtained by increasing the O 2 pressure (closed squares), confirming that true equilibrium binding curves were being measured. Also, because the HL ϩ crystal is a crystal grown under the conditions similar to the perturbed conditions of 10Pi69 (13) , the agreement between the O 2 equilibrium curves of the 10Pi69 and HL ϩ crystals ensures that a conformational equilibrium is reached in the crystal (Fig. 7a , inset). after a 14-min exposure to 10 mM P i -K buffer (pH 6.9) (blue line), followed by a 16-min exposure to 80 mM P i -K buffer (pH 6.7) (green line). b, absorption spectra of a HL Ϫ crystal (red line; initial conditions) after a 8-min exposure to 4 mM BZF and 20 mM HEPES buffer (pH 7.2) (blue line), followed by a 10-min exposure to 4 mM BZF and 20 mM MES buffer (pH 6.5) (green line). c and d, time courses of absorbance changes for thin (red) and thick (blue; 2.5-3.0 times thicker) crystals, observed at 558 and 516 nm, respectively, after transferring the HL Ϫ crystals to an 80 mM P i -K buffer (pH 6.7) (shown in c) or to a 4 mM BZF and 20 mM MES buffer (pH 6.5) (shown in d).
We find that all the current crystals exhibit a biphasic curve with two distinct affinity components: one shows a sample-independent very low-affinity with no cooperativity (the right half of the Hill plot), and the other shows a sample-dependent highaffinity and a varied degree of cooperativity (the left half of the Hill plot). According to the previous assignment made on a similar biphasic curve of the HL ϩ crystal (see Fig. 7a , inset), we can reasonably assign the low-affinity component as arising from molecule C, and the high-affinity component from molecules A and B.
Because the current crystals contain three independent hybrid Hb tetramers (see Fig. 1b ), each with the O 2 binding equilibrium constants of the first and second oxygenation steps (i.e. K 1 and K 2 ), the number of parameters is too large to be evaluated with confidence from the experimental data. Thus, we must make some assumptions to limit their number. The first assumption is that K 1 and K 2 of molecules C (referred to as K 1C and K 2C ) in all the current crystals are the same as those of the HL ϩ crystal previously determined (13) . This assumption is reasonable for the following reasons. (i) As shown in Fig. 7a , all the current crystals show a similar low-affinity component (the right half of the Hill plot), which agrees well with that of the HL ϩ crystal (Fig. 7a , inset), (ii) molecules C in the HL ϩ and current crystals all adopt a similar T structure (Fig. 5 ), and (iii) it is shown that allosteric effectors (e.g. H ϩ , Cl Ϫ , IHP, and BZF) do not alter the O 2 affinity of T-state Hb crystals (20 -22) . Then we assume that the remaining part of the data (the high-affinity component corresponding to molecules A and B) can be approximated by a simple two-step oxygenation scheme represented by the O 2 binding constants K 1AB and K 2AB . Although this assumption is too simple to discriminate molecules A and B, in practice the K 2AB value gives a good approximation to the overall O 2 affinity of relaxed-state populations. According to this biphasic model, all the curves could be well fitted (solid lines in Fig. 7 ) and the determined O 2 affinities listed in Table 2 . 
where F o and F c are the observed and calculated structure factor amplitudes, respectively. Free R-factor was calculated with 5% of the data excluded from refinement. 
An interesting finding is that the addition of BZF decreases the O 2 affinity of relaxed-state populations by ϳ5-fold. Another finding worth mentioning is that the high-affinity components in the current crystals, except for 80Pi67, show a Hill coefficient smaller than unity (Table 2) , indicating a slight (2-3-fold) functional difference between the ␣ and ␤ subunits or between molecules A and B. Although we do not know why only the 80Pi67 crystal exhibits positive cooperativity in binding of O 2 (Table  2) , it suggests that reversible ligand-linked conformational changes are allowed to occur in the 80Pi67 crystal.
We note here that O 2 equilibrium measurements on crystals require a high level of care and control, especially at low O 2 pressures in the presence of effector. Under these conditions, if the crystal quality is not sufficient and/or glycerol is present, O 2 binding is no longer reversible, which we tentatively interpret as being due to an irreversible conversion of a high-affinity conformer to a low-affinity one upon deoxygenation. If, however, the crystal quality is sufficient and glycerol is absent, crystals exhibit reversible O 2 binding at least in the range studied here (Fig. 7b) .
A remarkable feature common to all the conditions studied is that molecule C exhibits a large amplitude conformational change from TR to a state that resembles the classical T (Fig. 5) , indicating that in the presence of P i or BZF at acidic or neutral pH, T is energetically more favorable than TR within tensestate populations. Our recent O 2 equilibrium measurements on the C2 crystals show that TR exhibits an intermediate O 2 affinity (0.16 Ϯ 0.09 torr Ϫ1 ) between the affinities of T and R (i.e. 0.0064 Ϯ 0.0020 torr Ϫ1 and 3.8 Ϯ 1.3 torr Ϫ1 , respectively) (13) . The current O 2 equilibrium data provide direct evidence that the effector-induced conformational transition of TR to T is accompanied by a dramatic change in O 2 affinity (Fig. 7a) .
These structural and functional results in crystals are in line with earlier solution studies, which show that the binding of anions to deoxy-Hb is linked to a conformational change from a TR-like intermediate-affinity state to a T-like low-affinity state (9, 11, 12) , giving rise to a wide variation in the O 2 affinity of tense-state populations (23) .
Another significant quaternary motion is seen in molecule A, which initially in the R2 form, shows a large R2 to R motion upon the addition of 80 mM P i buffer (pH 6.7) ( Fig. 5 ). Similar motions, although smaller in magnitude, are seen in molecule A under the other three sets of conditions (Fig. 5 ). These findings indicate that anions (or salts) stabilize R relative to R2 within relaxed-state populations, which explains the fact that the R Wavelength (nm) Absorbance Figure 6 . Determination of the fractional saturation with O 2 of the ferrous hemes (Y) in the 10Pi69, 80Pi67, 4BZF72, and 4BZF65 crystals. Panels on the left depict reference absorption spectra of the crystals. The spectra of the oxy-, deoxy-, and met-forms are shown as solid, dashed, and dotted curves, respectively. Panels on the right show examples of the fitting at an O 2 pressure of about 8 torr. Y was calculated by a least-square fit of the observed spectrum to a linear combination of corresponding three reference spectra and a baseline offset. In the right panels, the solid curves are the observed spectra, the dashed curves are the sums of the component reference spectra, and the dotted curves are the component reference spectra. The fractional amounts of oxy-, deoxy-, and met-forms are calculated to be 66. 8 
crystal form has been traditionally grown under high-salt conditions such as high concentrations of phosphate or ammonium sulfate (2, 24 -26) , and the R2 form grown under low-salt conditions such as PEG (4, 27, 28), despite a few exceptions. With regard to molecule B some quaternary motions can be detected, but their amplitudes are relatively small compared with molecules A and C (Fig. 5 ). This observation is again consistent with the stabilization of R by anions, as the initial conformation of molecule B (in the HL Ϫ crystal) lies closer to R than to R2 (with r.m.s. deviation of 0.77 Å over all 570 C␣ atoms when compared with R and 1.57 Å when compared with R2), corresponding to a structure near a free energy minimum regardless of the absence or presence of anions. We speculate that crystal packing around the B tetramer may favor R over the R2 and T conformations.
In contrast to the affinity variation in tense-state populations, the O 2 affinity of relaxed-state populations (corresponding to molecules A and B) is only modestly affected by the addition of effector ( Table 2 ). The most significant effect is seen in 4BZF72 and 4BZF65, where a 5-fold decrease in affinity was observed as a result of the addition of BZF. However, within the resolution of our structural data, we are not able to determine how the binding of BZF affects the O 2 affinity of Hb.
To investigate further the dynamics of Hb molecules in crystals, we analyzed the crystallographic temperature factors (i.e. B-factors) of the main chain backbone atoms (Fig. 8) . Because the B-values are linearly related to the mean square displacement of the atoms relative to their average positions (29) , the comparison of B-values provides an interesting insight into the relative stability of three conformations in the same crystal (Fig.  8, inset) . We find that as a whole, the B-value distributions depend significantly on the solution conditions and molecules (Fig. 8 ). More specifically, for example, although molecule C assumes a similar T conformation in all four conditions, it has the lowest B-value in 4BZF65, whereas the highest in 10Pi69 and 80Pi67 (Fig. 8, inset) , suggesting that BZF is a stronger stabilizer for the T-state than P i , especially at low pH. Previous X-ray analysis showed that BZF binds specifically to T-state deoxy-Hb at the central water cavity by contact with one ␤ and two ␣ subunits to stabilize the T-state interface (19) . By con-trast, previous solution studies indicated that BZF binds only weakly and nonspecifically to CO-bound human Hb (19, 30) , which may be in an ensemble of relaxed conformations (8) . Consequently, it is likely that preferential binding of BZF at the T-state central cavity leads to additional stabilization of T relative to relaxed-state populations. This is confirmed by the electron density of BZF bound to the central cavities of T-state molecules C in 4BZF65 and 4BZF72 (Fig. 2b) and by its absence from molecules A and B, as described above. Also, this agrees with the B-factor distribution analysis, showing that the dimerdimer contacts of molecules C in 4BZF65 and 4BZF72 are stabilized compared with those in 10Pi69 and 80Pi67 (Fig. 8) .
Another notable feature in the B-value distributions is that, in 80Pi67, molecules A and B show a significantly smaller average value than that of molecule C (Fig. 8, inset) . This can be explained as a consequence of the stabilization of R by anions as discussed above, because in 80Pi67, both molecules A and B are in a similar conformation close to R ( Fig. 5 ) and is stabilized by P i . We note that coexistence of the T-and R-states in 80Pi67 is consistent with earlier observations that under comparable conditions (i.e. in 100 mM P i -K buffer, pH 7.0, at 20°C) two other types of half-liganded Hbs (i.e. ␣1␣2and ␤1␤2-liganded Hbs) also exist in a conformational ensemble of the 35-45% low-affinity state and 55-65% high-affinity state (14) .
An additional interesting finding is that the asymmetric unit surface regions of the R2-like molecules (e.g. molecules A in 10Pi69, 4BZF72, 4BZF65, and HL Ϫ ) are destabilized by the addition of anions (Fig. 8 ). This may be related to the fact that the R2 crystal form has been traditionally grown under low-salt conditions (4, 27, 28) .
In this work, effector-induced structural and functional changes in human Hb were observed directly by a combination of X-ray analysis and O 2 equilibrium measurements on a novel crystal form, which contains three distinct Hb tetramers in the asymmetric unit and also allows the global conformational switching of those molecules (Fig. 5 ). Unlike classical X-ray crystallography that usually determines only a single protein conformation under a given condition, our approach is able to track how Hb molecules in crystals undergo structural and functional changes depending on solution conditions. We show that conformational population shifts do indeed occur in human Hb in response to heterotropic ligands. We also show that effector-induced conformational population shifts are indeed accompanied by functional changes. Our results favor the Monod-Wyman-Changeux (MWC)-like pre-existing equilibrium model (1) over the Koshland-Nemethy-Filmer-like sequential model (31) . We should emphasize that a conformational population shift is the basic concept of the original MWC model (1), as it postulates that Hb and other allosteric proteins exist in equilibrium between two (at least two) conformational states and the ensemble undergoes a population shift following the binding of ligand or allosteric effector. This concept has recently been extended and applied to a variety of biomolecular processes including protein-protein, protein-nucleic acid, and monomeric protein-ligand interactions (32, 33) . Our results add new insight into the conformational population shifts in human Hb beyond the simple two-state conformational model. (13) . c In the previous study (13) , it was assumed that molecules A and B show a similar high affinity without cooperativity (n ϭ 1), then the K 1C and K 2C values of molecules C were determined by a least-squares fit (13) .
To date, a number of extended MWC models have been proposed to explain the effector-dependent O 2 affinities of the T-and R-states of Hb (9, 34 -37) . Among them, the tertiary two-state (TTS) model of Henry et al. (36, 37) is the simplest possible extension of the MWC model to include pre-existing equilibria of low-affinity and high-affinity tertiary conformations (referred to as t and r, respectively) in the T or R quaternary conformation. Significantly, this model is consistent with ligand equilibrium data on solutions (38) , crystals (20 -22) , and gels (39) , and is also able to fit the kinetic data from CO photodissociation experiments (40) . Although the TTS model does not yet make a direct relationship between model parameters and protein structure (37) , it predicts that a significant r to t transition occurs in half-liganded R upon adding strong effectors (e.g. IHP or BZF), whereas fully-unliganded T and fullyliganded R contain almost 100% of the subunits in the t and r conformations, respectively, regardless of solution conditions. However, our data do not indicate that the addition of BZF to half-liganded R induces significant tertiary structural changes (molecules A and B in 4BZF72 and 4BZF65 in Fig. 5a ), although a modest (5-fold) decrease in affinity was observed ( Table 2) . Moreover, our previous structural and functional data (13) show the existence of at least three quaternary conformations with different O 2 affinities, supporting the quaternary threestate model (9) rather than the TTS model (36, 37) .
Interestingly, the addition of P i or BZF to half-liganded Hb at neutral or acidic pH induces a redistribution of quaternary conformational states, not only along a direction from a relaxedstate to a tense-state but also within relaxed-state populations from R2 to R. Therefore, the R structure represents a critical conformational state connecting both relaxed-and tense-state populations, although the O 2 affinity of R is only a few times lower than that of R2 (41) . Here we present, based on the present results and our previous report (13) , an energy landscape model for half-liganded Hb in the absence and presence of anion or effector ( Fig. 9 ). It is important to note that our present data show that free energy barriers between conformers in our C2 crystals are sufficiently low to permit interconversion, 
depending on solution conditions (Fig. 3, c and d) . This allows us to determine unambiguously how effectors can induce conformational changes in Hb, although crystal packing also plays a role in determining the quaternary conformations of the A, B, and C tetramers (e.g. the C tetramer favors a T conformation).
This will also open up the possibility to perform a time-resolved serial crystallography of the Hb allosteric transition triggered by changing solution conditions of small-sized C2 crystals.
The observation of apparently continuous relaxed-state populations in our C2 crystals is consistent with recent meta-analysis of hundreds of known crystal structures of human Hb in PDB (7) , and also with NMR observation of CO-liganded Hb in solution (8) . On the other hand, tense-state populations of Hb appear to be more discrete. In fact, TR is the only conformation that lies between T and R and with an intermediate affinity for O 2 (13) . No other human Hb structure has ever been captured in the middle of the T to R pathway, despite decades of crystallographic and other studies (11) (12) (13) (42) (43) (44) (45) .
Finally, it is worth noting that sparsely populated states in the conformational ensemble may still play an important role in the regulation of Hb O 2 affinity. Considering the O 2 affinity difference between conformers (e.g. ϳ25-fold difference between TR and T, as mentioned above), O 2 binding does not necessarily take place in the dominant conformer but rather in a less populated conformer that has a greater affinity.
Experimental procedures

Hb preparations and crystallization
Human adult Hb and XL[␣(Fe-CO)␤(Ni)][␣(Ni)␤(Fe-CO)] were prepared and purified as described previously (46) . Crystallization was carried out using the microbatch method at 20°C as described in our previous work (13) . Crystals of XL[␣(Fe-CO)␤(Ni)][␣(Ni)␤(Fe-CO)] without anions (HL Ϫ ) were obtained from CO-saturated 1.0% (w/v) XL[␣(Fe-CO)␤(Ni)][␣(Ni)␤(Fe-CO)] solution containing 17% (w/v) PEG3350 with no buffer (pH 7.7). To maintain anaerobic conditions during crystallization, the microbatch samples were sealed with CO gas inside a gas-barrier bag including Oxygen Absorbing System A-500HS (ISO, Yokohama, Japan).
Microspectrophotometry
Spectrophotometric measurements on the crystals were carried out at 21-24°C using a Zeiss UMSP 80 microspectrophotometer. The HL Ϫ crystals were washed with mother liquor containing 25% (w/v) PEG3350 with no buffer (pH 7.7), then immersed and equilibrated with each buffer containing 25% (w/v) PEG3350 and 5% (v/v) glycerol in addition to P i or BZF. For spectral measurements, a single crystal with 30 l of each buffer was placed on a hole-slide glass and then sealed with a coverglass. The absorption spectra of crystals were recorded between 450 and 700 nm with unpolarized light incident on the (010) (or ac) crystal face.
Time courses of absorbance changes for thin and thick (2.5-3.0 times thicker) crystals were recorded at 558 and 516 nm, respectively, after transferring the HL Ϫ crystals to each buffer containing 25% (w/v) PEG3350 and 5% (v/v) glycerol in addition to P i or BZF. Time zero is defined as the time when the HL Ϫ crystal was immersed in a buffer containing P i or BZF. The dead time of these kinetic experiments, from addition of an effector to initiation of data collection, is 30 -40 s.
Conformational population shifts induced by changing in solution conditions
The conformational ensembles under four solution conditions were determined by X-ray crystallography after soaking the HL Ϫ crystals in each buffer containing 25% (w/v) PEG3350 and 5% (v/v) glycerol for a sufficient time period. The buffer conditions studied are as follows: 10 mM P i -K buffer (pH 6.9) (10Pi69), 80 mM P i -K buffer (pH 6.7) (80Pi67), 4 mM BZF and 20 mM HEPES buffer (pH 7.2) (4BZF72), and 4 mM BZF and 20 mM MES buffer (pH 6.5) (4BZF65). For all the crystals, the buffers containing 15% (v/v) glycerol were used as cryoprotectant in which the crystals were rinsed briefly before flash-freezing in liquid nitrogen. Note here that the increase in concentration of glycerol from 5 to 15% does not so much affect the conformational ensembles of half-liganded Hb, as judged from the similarity of the absorption spectra of crystals with 5 and 15% glycerol. A previous study also indicated that 75% (v/v) glycerol does not significantly affect the points of the T and R equilibration in CO-bound carp Hb in the absence and presence of IHP (47) .
Data collection and structure determination
X-ray data were collected using the synchrotron radiation source at the beam line AR-NW12A station of the Photon Factory, Tsukuba, Japan, using an ADSC Quantum 315 CCD detector. All data were processed and scaled using HKL2000 and SCALEPACK (48) . All the crystals were of the same C2 space group with comparable cell parameters. All the structures were solved by molecular replacement using PHASER (49) . To minimize the model bias on the quaternary structure, the ␣␤ dimer (not the tetramer) of human oxy-Hb (50) (PDB code 2DN1) was used as the initial search model. The orientations and positions of the three tetramer Hb molecules in the asymmetric unit were initially optimized by rigid-body refinement against data between 20-and 3-Å resolution. The models were further refined using the Translation-Libration-Screw method (51) to assign an anisotropic motion to each protein subunit. 
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with PHENIX (53) and autoBUSTER (54) . Structural evaluation of the final models of Hbs using MolProbity (55) indicated that ϳ95% of the residues are in the most favorable regions of the Ramachandran plot. Details of data collection and structure refinement are given in Table 1 .
Difference distance matrices
Difference distance matrices of the (␣1␤1)(␣2␤2) subunits of each tetramer were calculated using an appropriate reference structure by the program DDMP (Center for Structural Biology, Yale University, New Haven, CT).
Overlap method
The least-squares superpositions of different models were made using an in-house program CFIT. 3 The C␣ atoms of all residues except the N-terminal residue were used, so that 570 atoms were matched in each tetramer overlay. To find the dimer-dimer rotation angle, ␣␤ dimer pairs were fitted sequentially.
O 2 equilibrium measurement
The O 2 equilibrium curves of crystals were determined as described (13, 41) . Crystals of 10Pi69, 80Pi67, 4BZF72, and 4BZF65 were prepared by soaking the HL Ϫ crystals in each buffer containing 25% (w/v) PEG3350 and 0.1 mg/ml of catalase (Sigma) with no glycerol added. A single crystal with about 10 l of its mother liquor was placed on a coverglass and then sealed in a flow chamber mounted on the stage of a Zeiss UMSP 80 microspectrophotometer. Before measurements, removal of CO was carried out in the flow chamber with humidified O 2 , at a gas flow of 10 ml/min, under illumination with white light. Humidified N 2 /O 2 gas mixtures at defined partial O 2 pressures were prepared by a GB-4C gas blender (Kofloc, Japan) with modifications, and flowed into the chamber at a gas flow of 10 ml/min. The O 2 pressures were detected in the outflow from the chamber using a MC-7G-L galvanic O 2 sensor (Iijima, Japan). The absorption spectra of crystals equilibrated with different O 2 pressures at 21-23°C were recorded between 450 and 700 nm with unpolarized light incident on (010) crystal face. According to the method of Mozzarelli et al. (20, 21) , the fractional saturation of the ferrous hemes with O 2 was calculated by a least-square fit of the observed absorption spectra to a linear combination of three reference spectra and a baseline offset. The reference spectra are the absorption spectra of crystals of oxy-, deoxy-, and met-forms of each Hb sample. Because full O 2 saturation could not be attained for these crystals even under O 2 atmosphere, the data at the highest pressures were extrapolated to infinite O 2 pressure to obtain the oxy-form spectra. After each O 2 equilibrium measurement, the crystal was reduced by washing with mother liquor containing 0.05% (w/v) sodium dithionite for the measurement of the deoxy-form reference spectrum. The crystal was then washed with mother liquor to remove sodium dithionite, followed by washing with mother liquor containing 5 mM potassium ferricyanide to oxidize the crystal for the measurement of the met-form reference spectrum.
Determination of O 2 affinity
According to the biphasic model (see "Results and discussion"), O 2 dissociation curves were fitted using the equation: Y(p) ϭ (1-C)Y AB (p) ϩ CY C (p), where p is the partial O 2 pressure, C is the relative spectral contribution of molecule C (lowaffinity component) to the total absorption, Y AB (p) is the fractional saturation of the sum of molecule A and B (high-affinity component), and Y C (p) is the fractional saturation of molecule C. The model assumes that the first and second O 2 association equilibrium constants, K 1 and K 2 , of molecules C in all the current crystals (Fe(II)-Ni(II) hybrid contains two Fe(II)-hemes per tetramer; see Fig. 1b ) are the same as those of the HL ϩ crystal previously determined (13) , and thus Y C (p) is defined as,
where the two equilibrium constants are fixed to be K 1C ϭ 0.0132 torr Ϫ1 and K 2C ϭ 0.00646 torr Ϫ1 . Note that this K 2C value represents the O 2 affinity of molecules C in all the current crystal structures ( Table 2 ). The model also assumes that Y AB (p) can be approximately described by two O 2 binding constants K 1AB and K 2AB , and thus Y AB (p) is in the same form as Y C (p) and is defined as,
where K 2AB represents the overall O 2 affinity of molecules A and B in the current crystal structures, and the Hill coefficient at half-saturation (n), a measure of cooperativity, can be calculated from K 1AB and K 2AB by using the following formula. Author contributions-N. S. conceived and coordinated this study, prepared and crystallized the Hb sample, performed microspectrophotometry and O 2 equilibrium measurements, and wrote the manuscript. All authors collected and analyzed X-ray data, contributed to constructing the manuscript, and approved the final version of the manuscript.
